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1. INTRODUCTION {#jocd13081-sec-0005}
===============

Reactive oxygen species (ROS) are chemically reactive chemical species containing oxygen, which plays important role in cell signaling and homeostasis.[1](#jocd13081-bib-0001){ref-type="ref"}, [2](#jocd13081-bib-0002){ref-type="ref"}, [3](#jocd13081-bib-0003){ref-type="ref"} These include not only positive effects such as the induction of host defense genes and mobilization of ion transport systems but also roles in apoptosis (programmed cell death).[4](#jocd13081-bib-0004){ref-type="ref"}, [5](#jocd13081-bib-0005){ref-type="ref"} ROS level can be increased by environmental stress, leading damage to the cell structures.[3](#jocd13081-bib-0003){ref-type="ref"} This phenomenon is called "oxidative stress." Oxidative stress is one of the leading causes of various diseases including neurodegenerative diseases, Lou Gehrig\'s disease, autism, multiple sclerosis, and skin diseases.[6](#jocd13081-bib-0006){ref-type="ref"}, [7](#jocd13081-bib-0007){ref-type="ref"}, [8](#jocd13081-bib-0008){ref-type="ref"}, [9](#jocd13081-bib-0009){ref-type="ref"}, [10](#jocd13081-bib-0010){ref-type="ref"}, [11](#jocd13081-bib-0011){ref-type="ref"}, [12](#jocd13081-bib-0012){ref-type="ref"}, [13](#jocd13081-bib-0013){ref-type="ref"}, [14](#jocd13081-bib-0014){ref-type="ref"}, [15](#jocd13081-bib-0015){ref-type="ref"} Furthermore, oxidative stress has direct influence in the skin aging process[16](#jocd13081-bib-0016){ref-type="ref"}; proteins, lipids, and DNA are sensitively reacting to oxidative stress which is caused by ROS.[17](#jocd13081-bib-0017){ref-type="ref"} Antioxidants are highly effective in skin protection as they react directly to ROS preventing them from reaching the biological target molecules.[18](#jocd13081-bib-0018){ref-type="ref"}, [19](#jocd13081-bib-0019){ref-type="ref"} Antioxidants such as vitamin C, vitamin E, coenzyme Q10, and polyphenolic compounds protect skin from damage caused by ROS. Antioxidants thereby help prevent and treat various skin diseases and slow down the skin aging process.[20](#jocd13081-bib-0020){ref-type="ref"} The use of vitamin C in industries is primarily because of its antioxidizing properties, which are the result of vitamin C\'s ability to neutralize free oxygen radicals, through a process called radical scavenging.[21](#jocd13081-bib-0021){ref-type="ref"}, [22](#jocd13081-bib-0022){ref-type="ref"} However, because of these same antioxidant properties, the molecule itself is inherently susceptible to degradation via oxidation. To solve this problem, we developed Aptamin C, a DNA aptamer that specifically binds to vitamin C and inhibits oxidation of vitamin C. Aptamers are single‐stranded DNA‐ or RNA‐based oligonucleotides capable of selectively binding a wide range of molecules. Aptamers are commonly identified by an in vitro method of selection referred to as Systematic Evolution of Ligands by EXponential enrichment or "SELEX." We identified that Aptamin C inhibits the oxidation of vitamin C from several oxidizing agents and maintains the antioxidant activity during long‐term storage. To confirm the safety assessment of Aptamin C, experiments were conducted at the cellular level and directly applied to humans and no toxicity was observed. Skin disease such as atopic dermatitis, psoriasis, and acne are related by the immune response and ROS.[23](#jocd13081-bib-0023){ref-type="ref"} Vitamin C has the ability to remove the ROS and has anti‐inflammation effect.[24](#jocd13081-bib-0024){ref-type="ref"} Aptamin C prevents oxidation of vitamin c and maximizes its efficacy through slow release. We, therefore, expect expected that Aptamin C‐vitamin C complex will show the synergetic effect.

2. MATERIALS AND METHODS {#jocd13081-sec-0006}
========================

2.1. Aptamer screening against vitamin C with reduced graphene‐oxide {#jocd13081-sec-0007}
--------------------------------------------------------------------

This method has been carried out by modifying the method of the previous research.[25](#jocd13081-bib-0025){ref-type="ref"} The ssDNA candidates which can bind specifically to vitamin C were developed from a random ssDNA library consisting of about 1X10^18^ different sequences. For the ssDNA library, we used custom‐made sequence which size is 60mer and containing 30 randomly generated nucleotide sequences and primer site for amplification (5′‐ATGCGGATCCCGCGC‐(N)30‐GCGCGAAGCTTGCGC‐3′). We performed total five rounds while changing the experimental condition to select more specific sequence. The total volume for reaction was 200 μL. About 20 μL of 10× binding buffer (10× PBS added 10 mmol/L MgCl2), 80 μL of rGO (5 mg/mL, diluted in water), and 200 picomoles of ssDNA library (20 μL of 100 μmol/L stock) were added and filed dH2O to 200 μL. The reaction proceeded for 30 minutes to bind the ssDNA library onto rGO, and then, the mixture was centrifuged at 20 000 *g* for 20 minutes to eliminate the supernatant. The rGO pellet was washed 1 time with 200 μL of binding buffer which is same concentration with target binding condition of each round. To elute the candidates, 200 nanomoles of vitamin C diluted in 200 μL of binding buffer was added to the rGO pellet, and the elution step did for 1 hour. Eluted ssDNA was divided by centrifugation it was done at 20 000 *g* for 20 minutes and amplified. We did EtOH precipitation to eliminate impurities except ssDNA before amplification. We did asymmetric PCR to obtain amplified ssDNA. The ratio of forward primer to reverse primer of asymmetric PCR was 10:1. We did electrophoresis on 2.5% agarose gel to confirm the PCR product with a few microliters of it. Asymmetric PCR cannot produce only ssDNA. So, we did crush and soak method to isolate the ssDNA candidates. For the method, we did electrophoresis on a 12% polyacrylamide native gel and staining the gel with ethidium bromide (EtBr). To separate double‐stranded DNA (dsDNA) and ssDNA, the part of gel stained by ssDNA was cut out, pulverized, and extracted ssDNA with crush and soak buffer (500 mmol/L NH4OAc, 0.1% SDS, 0.1 mmol/L EDTA) for overnight. The pulverized gel was separated by centrifugation. The supernatant which contain ssDNA is concentrated and purified by doing EtOH precipitation. Dried ssDNA was gathered with sterilized dH2O and this was used for the next round as library.

2.2. Isothermal titration calorimetry (ITC) experiment {#jocd13081-sec-0008}
------------------------------------------------------

Isothermal titration calorimetry experiment was performed using a VP‐ITC system (MicroCal Inc Northampton) at 25°C in a phosphate buffer saline composed 1 mmol/L magnesium chloride (pH 7.4). Before each titration experiment, Aptamin C 2 mL and vitamin C 600 µL samples were degassed for 30 minutes under vacuum, without stirring, at a temperature a few degrees below that of the experiment. We prepared 0.2 mmol/L vitamin C that was injected 25 times in 2 µL aliquots into the 1.8 mL sample cell containing the Aptamin C at a concentration of 0.02 mmol/L. The data were fitted to a one‐site binding isotherm using with origin program for ITC v.5.0 (MicroCal Inc).

2.3. Fluorescence‐based microplate assays for vitamin C oxidation {#jocd13081-sec-0009}
-----------------------------------------------------------------

Oxidation of vitamin C was measured by detecting the oxidized product dehydroascorbate (DHA) using a modified version of the method described by Vislisel et al.[7](#jocd13081-bib-0007){ref-type="ref"} In this method, DHA is detected by reaction with o‐phenylenediamine (OPDA) to form the fluorescent condensation product 3‐(dihydroxyethyl)furo\[3,4‐b\] quinoxaline‐1‐one. The assay was performed as follows in black 384‐well plates (Greiner Bio‐One). Aptamers were first dissolved in phosphate‐buffered saline, pH 7.2, containing 1mM MgCl2, at a concentration of 200 µmol/L then folded by heating to 95°C and allowed to cool slowly to room temperature for 15 minutes. The folded aptamers were then diluted 1:1 (v:v) into a freshly prepared solution of 5 mmol/L vitamin C in assay buffer \[50 mmol/L sodium acetate, 1% (w/v) BSA, 0.05% (v/v) Tween 20, 1mM MgCl2 (Sigma, all components) adjusted to pH 5.5\], and the mixture was incubated for 30 minutes at room temperature, to allow aptamers to bind prior to addition of oxidizer. Oxidizers were then added to the vitamin C/aptamer solutions at concentrations of (EM) H2O2 (Sigma). Oxidizers were pre‐diluted to their working concentrations in assay buffer. Samples were then incubated at room temperature for 10 minutes before the addition of OPDA (Sigma) at a concentration of 5.5 mmol/L in assay buffer. Immediately following the addition of OPDA, the fluorescence of the samples at 425 nm was determined using a SpectraMax^®^ i3X plate reader (Molecular Devices) with excitation at 345 nm, over a 45‐minutes time course with measurements made every 60 seconds. All sample and reagent containing vessels were wrapped in foil to protect them from light during all incubations performed for the fluorescence assays.

2.4. Measurement of vitamin C reduction using DCPIP (2,6‐Dichlorophenolindophenol) {#jocd13081-sec-0010}
----------------------------------------------------------------------------------

To determine the reduction of vitamin C, we conducted the experiments using the DCPIP reaction. Vitamin C reacts with DCPIP, changing the color from blue to colorless. The prepared vitamin C was treated with 5% Aptamin CTM, and the untreated vitamin C was incubated at room temperature for 8 weeks. The sample was measured after 2, 4, and 8 weeks. About 2 mL of DCPIP was added to the conical flask using a pipette, and the first untreated vitamin C was added until the solution became colorless. The amount of vitamin C added was measured and repeated with other samples. The degree of reduction of each sample was calculated according to this data.

2.5. In vitro study of anti‐wrinkle effect in human dermal fibroblasts {#jocd13081-sec-0011}
----------------------------------------------------------------------

To evaluate the cell viability in human dermal fibroblasts, cells were treated with different final concentrations of Aptamin C with vitamin C (Aptamin C μg + vitamin C μg/mL) 0.01 + 0.5 μg/mL, 0.1 + 5 μg/mL, 0.5 + 25 μg/mL, 1 + 50 μg/mL, and 2 + 100 μg/mL. And then, cells were treated at concentrations of Aptamin C with vitamin C to detect intracellular collagen, intracellular collagenase (MMP‐1), and elastase activity.

Human dermal fibroblasts (HDFs) were selected on the basis of "Guidelines for efficacy evaluation of functional cosmetics (ΙI)" of MFDS. HDFs were cultured in DMEM/F12 3:1 mixture high glucose supplemented with 10% FBS and 1% Antibiotic‐Antimycotic in a humidified 5% CO2 atmosphere at 37˚C.

The HDFs (5 × 104 cells/well) were seeded into 24‐well plates and incubated for 24 hours, and were treated with various concentrations of Aptamin C with vitamin C and incubated for 24 hours. After 24 hours, the supernatant was collected, and the amount of procollagen liberated into the medium was measured at 450 nm using Procollagen Type I C‐Peptide (PIP) ELISA Kit. The degree of collagen production was calibrated by total protein content and compared with TGF‐β1 as a positive control. Media without test materials was used as a solvent control.

The HDFs (5 × 104 cells/well) were seeded into 24‐well plates and incubated for 24 hours, and were treated with various concentrations of Aptamin C with vitamin C and incubated for 48 hours. After 48 hours, the activity of collagenase was measured at 450 nm using MMP‐1 Human ELISA Kit. MMP‐1 activity was assessed by total protein content and compared with TGF‐β1 as a positive control. Media without test materials was used as a solvent control.

All data were expressed as mean ± standard deviation and came from 3 independent experiments. Statistical analysis was conducted by independent samples *t* test using the SPSS^®^ software program (IBM) at the *P* \< .05 significance level.

2.6. Measurement of skin wrinkle by 3D image analyzing system {#jocd13081-sec-0012}
-------------------------------------------------------------

Twenty‐two female subjects (average age: 50.05 ± 2.94 years) participated in this study. Skin wrinkle of the crow\'s feet was evaluated by 3D image analyzing system at baseline, 4 and 8 weeks. Skin hydration was evaluated by capacitance method, and TEWL by skin surface water diffusion method and skin elasticity by suction method were evaluated at baseline, 2, 4, and 8 weeks after treatment. Also, self‐questionnaires concerning efficacy was filled out by subjects at 2 and 4 and 8 weeks, and that of usability was filled out by subjects at 8 weeks after treatment. All obtained data were statistically analyzed by SPSS^®^ software. The wrinkle parameters of crow\'s feet were evaluated using PRIMOS^®^ Premium (GFMesstechnik GmbH). This system allowed the quantitative analysis of the roughness, depth, area, and volume of protruding on the skin wrinkle. Image was analyzed same area in terms of skin wrinkle parameters (1, Average depth of wrinkles; 2, Mean depth biggest wrinkle; 3, Max. depth biggest wrinkle; 4, Total wrinkle area; 5, Total wrinkle volume; 6, Total form factor wrinkles; 7, Total length of wrinkles; 8, Ra; 9, Ry; and 10, Rz) at baseline, 4 and 8 weeks after treatment by Primos 5.8 E ver. Software.

3. RESULTS {#jocd13081-sec-0013}
==========

3.1. A rigorous approach to buffer preparation was required to successfully perform rGO‐SELEX with an unstable target {#jocd13081-sec-0014}
---------------------------------------------------------------------------------------------------------------------

The ssDNA library, which was bound to rGO via π‐π stacking interactions between the aromatic rings of the graphene surface and the DNA bases [26](#jocd13081-bib-0026){ref-type="ref"}, [27](#jocd13081-bib-0027){ref-type="ref"} and non‐bound ssDNAs on rGO, was separated and removed by centrifugation. ssDNAs that were adsorbed on the rGO surface were eluted through treatment with the target compound. According to literature reports, the conformation of the aptamer changes after binding with target and by weakening the π‐π stacking interactions with rGO.[28](#jocd13081-bib-0028){ref-type="ref"}, [29](#jocd13081-bib-0029){ref-type="ref"}, [30](#jocd13081-bib-0030){ref-type="ref"}, [31](#jocd13081-bib-0031){ref-type="ref"} This process was repeated for five rounds. Each subsequent round proceeded with harsher buffer conditions and shorter elution times. This performance allowed us to maintain ssDNAs with better specificity to target compound.

The NGS data of the enriched library produced by the rGO‐SELEX process yielded 404071 sequences. We selected 119 sequences from this data, sorted these into 11 groups based on structure similarity, and selected representative sequences for aptamer candidates (Figure [1](#jocd13081-fig-0001){ref-type="fig"}A).

![Selection of aptamers capable of binding vitamin C. A, The general scheme of the SELEX method using DNA. B, Representative image of each aptamer group. The secondary structures of the Aptamin C were predicted using the Mfold program (<http://mfold.rna.albany.edu/?=mfold>). C, Antioxidation (Inhibition) test of representative sequence of each group. Aptamin Cb, Cf, and Ck, these three Aptamin C are the best form to protect vitamin C from oxidation](JOCD-19-970-g001){#jocd13081-fig-0001}

3.2. Aptamin C selecting {#jocd13081-sec-0015}
------------------------

The secondary structures of Aptamin C candidates were predicted by using M‐Fold free software.[32](#jocd13081-bib-0032){ref-type="ref"}, [33](#jocd13081-bib-0033){ref-type="ref"} The candidates were grouped by their position, length, shape, and number of stem and loop of the highest potential structure (Figure [1](#jocd13081-fig-0001){ref-type="fig"}B). DHA, oxide of vitamin C, is detected by its reaction with o‐phenylenediamine (OPDA) which plays the role as an indicator.[34](#jocd13081-bib-0034){ref-type="ref"} If aptamer binds and prevents its oxidation, to vitamin C and prevent oxidation of it, the fluorescence signal from 3‐(dihydroxyethyl)‐furo‐\[3,4‐b\] quinoxaline‐1‐one, the condensation product of vitamin C and OPDA, will be lower than that of no‐aptamer control. A plot of each candidate aptamer mixed with vitamin C and oxidizer, with the positive controls, vitamin C plus oxidizer and scramble sequences mixed with vitamin C and oxidizer (Figure [1](#jocd13081-fig-0001){ref-type="fig"}C). Five aptamers, Aptamin Cb, Cc, Cf, Cg, and Ck, were shown to have effects of antioxidation.

3.3. Inhibition of vitamin C oxidation by Aptamin C {#jocd13081-sec-0016}
---------------------------------------------------

Aptamin C has high binding affinity for vitamin C. Binding of Aptamin C with vitamin C was determined using ITC analysis. From binding isotherm, the enthalpy (ΔH), entropy (ΔS), and stoichiometry (n) of the binding reaction can be obtained. Aptamin Cb exothermic binding was detected from ITC measurement, and the enthalpy (ΔH) was calculated as 302.5 ± 3.788, entropy (ΔS) was calculated as 18.9, stoichiometry(n) was calculated as 56.7 ± 0.426, and the dissociation constants (Kd) were calculated as 2.13uM for vitamin C. Aptamin Cf exothermic binding was detected from ITC measurement, and the enthalpy (ΔH) was calculated as 279.2 ± 2.992, entropy (ΔS) was calculated as 18.4, stoichiometry(n) was calculated as 167 ± 1.15, and the dissociation constants (Kd) were calculated as 0.89uM for vitamin C. Aptamin Ck exothermic binding was detected from ITC measurement, and the enthalpy (ΔH) was calculated as 250.4 ± 3.742, entropy (ΔS) was calculated as 19.8, stoichiometry(n) was calculated as 82.2 ± 0.732, and the dissociation constants (Kd) were calculated as 0.90 µmol/L for vitamin C (Figure [2](#jocd13081-fig-0002){ref-type="fig"}A). The ITC measurements reveal that the change in entropy upon association with the Aptamin C is a major driving force for vitamin C. To prevent oxidation of vitamin C in the liquid state, all solutions were prepared with deionized water treated with nitrogen. The fluorescence was expressed and quantitatively analyzed when OPDA (o‐phenylenediamine) bound to DHA generated by oxidation of vitamin C. The degree of oxidation of vitamin C according to the concentration of Aptamin C (125, 250, 500 and 1000 nmol/L) was compared and confirmed by OPDA assay. The results demonstrated that the vitamin C conversion to dehydroascorbic acid was slower when the concentration of Aptamin C was higher. (Figure [2](#jocd13081-fig-0002){ref-type="fig"}B). These data prove that Aptamin C is a dose‐dependent inhibitor of vitamin C oxidation.

![Inhibition of vitamin C oxidation by Aptamin C. A, Isothermal calorimetry. ITC of Aptamin Cb, Cf, and Ck binding to vitamin C. The binding affinity of Aptamin Cb is 2.13 µmol/L, Aptamin Cf is 0.89 µmol/L, and Aptamin Ck is 0.90 µmol/L. B, Comparison of OPDA assay according to the concentration of Aptamin C. Aptamin C concentrations are represented as ● (0 nmol/L), ■ (125 nmol/L), ▲ (250 nmol/L), ▼ (500 nmol/L), or ◆ (1000 nmol/L). C, Aptamin C prevents vitamin C oxidation for a long period of time](JOCD-19-970-g002){#jocd13081-fig-0002}

We conducted experiments to determine whether Aptamin C could prevent the oxidation of vitamin C over a long period of time. Aptamin C co‐treated vitamin C, and untreated vitamin C was exposed to light and allowed to stand at room temperature for 8 weeks. As a result, when untreated vitamin C was left alone, the degree of reduction was decreased to less than half in 2 weeks, and almost all of them were oxidized after 4 weeks. In the presence of Aptamin C, vitamin C was reduced to about half as much as 8 weeks (Figure [2](#jocd13081-fig-0002){ref-type="fig"}C). This suggests that Aptamin C prevents oxidation of vitamin C over a long period of time.

3.4. Analysis of intracellular collagenase (MMP‐1) activity and collagen {#jocd13081-sec-0017}
------------------------------------------------------------------------

On analysis of collagenase activity, matrix metalloproteinase‐1 (MMP‐1) production was significantly reduced in a dose‐dependent manner, with 7.06%, 9.29%, and 31.81% at concentrations of 0.01 + 0.5 μg/mL, 0.1 + 5 μg/mL, and 0.5 + 25 μg/mL, respectively (Figure [3](#jocd13081-fig-0003){ref-type="fig"}A). On analysis of collagen synthesis, procollagen type Ι carboxy‐terminal peptide (PIP) was significantly increased in a dose‐dependent manner, with 25.00% increase at 0.01 + 0.5 μg/mL, 41.99% at 0.1 + 5 μg/mL, and 71.18% at 0.5 + 25 μg/mL (Figure [3](#jocd13081-fig-0003){ref-type="fig"}B).

![In vitro study of anti‐wrinkle effect in human dermal fibroblasts. A, MMP‐1 contents in human dermal fibroblasts after treatment. The data are expressed as % of solvent control (Mean ± SD, \**P* \< .05, Aptamin C with vitamin C vs solvent control). B, PIP contents in human dermal fibroblasts after treatment. The data are expressed as % of solvent control (Mean ± SD, \**P* \< .05, Aptamin C with vitamin C vs solvent control)](JOCD-19-970-g003){#jocd13081-fig-0003}

3.5. A clinical study of skin wrinkle improvement effects on human skin {#jocd13081-sec-0018}
-----------------------------------------------------------------------

Statistical analysis of wrinkle parameters was performed by 3D image analyzing system, to evaluate the skin wrinkle improvement effects of the test product on human skin. Compared to control group, "Average depth of wrinkles" parameter was decreased 4.77% at 4 weeks and 4.25% at 8 weeks, "Mean depth biggest wrinkle" parameter was decreased 3.37% at 4 weeks and 4.53% at 8 weeks, "Max. depth biggest wrinkle" parameter was decreased 4.36% at 4 weeks and 7.19% at 8 weeks, "Total length of wrinkles" parameter was decreased 1.61% at 4 weeks and 2.67% at 8 weeks, "Ra" parameter was decreased 4.22% at 4 weeks and 3.90% at 8 weeks, "Ry" parameter was decreased 2.66% at 4 weeks and 7.11% at 8 weeks, "Rz" parameter was decreased 3.69% at 4 weeks and 6.22% at 8 weeks, the decrement was 3.69%‐7.11% (Figure [4](#jocd13081-fig-0004){ref-type="fig"}).

![Changes of wrinkle parameters following five consecutive weeks application of the Aptamin C. Compared to baseline, "Average depth of wrinkles," "Mean depth biggest wrinkle," "Max. depth biggest wrinkle," "Total length of wrinkles," "Ra," and "Rz" parameters were significantly decreased at 4 and 8 wk, and "Ry" parameter was significantly decreased at 8 wk in test group](JOCD-19-970-g004){#jocd13081-fig-0004}

4. CONCLUSION {#jocd13081-sec-0019}
=============

Vitamin C is commercially important yet an unstable molecule, so improving its stability is of interest to various market sectors. Our work demonstrates that Aptamin C, DNA aptamers, potentially extends the shelf‐life and increase the potency of such products by delaying vitamin C oxidation in a solution. We exhibited clinical efficacy of Aptamin C complex in wrinkle improvement and skin hydration. Aptamin C complex could also help to relieve skin in harsh conditions. To the best of our knowledge, this is the first report successfully demonstrates that DNA aptamers prevent oxidation of vitamin C, dramatically enhancing its efficacy.
